We performed pulse-shaping and time-reversal experiments using spectral holography based on persistent spectral hole burning in free-base naphthalocyanine-doped films. We demonstrate that we can control the pulses diffracted from the hologram by shaping and then by characterizing these pulses in both amplitude and phase. A dephasing time of 29 ps (i.e., a homogeneous linewidth of 69 GHz) was measured from a photon-echo experiment in the chemically accumulated regime. © 2003 Optical Society of America OCIS codes: 320.5540, 090.2900, 320.0320. Spatiotemporal holography by use of persistent spectral hole burning (PSHB) in dye molecules embedded in plastic films is a promising approach for applications such as femtosecond pulse shaping, data storage, or phase conjugation. In addition to the common two spatial dimensions of standard holograms, each point in the sample plane can be used here to store, in the frequency domain, information such as the temporal shape of a femtosecond pulse. On each point of the sample, spectral interferences between a reference pulse (spectrally large) and an object pulse (spectrally narrower than the reference pulse) of arbitrary shape can be recorded by spectral hole burning in the absorption band of dye molecules, provided that the absorption band is larger than the object pulse spectral width. The material can thus be viewed as an optically addressed programmable linear filter. The transmission of a reading pulse through this filter will then generate a shaped pulse in much the same way as in a three-pulse photon-echo experiment. Note that the emitted field is similar to an object pulse when the object pulse hits the sample after the reference pulse, but is the time-reversed object pulse when the order of the two writing pulses is reversed. As early as 1983, photon-echo and time-reversal experiments by use of persistent spectral hole burning were performed in Porphyrazine Styrol solutions at 630 nm.
Spatiotemporal holography by use of persistent spectral hole burning (PSHB) in dye molecules embedded in plastic films is a promising approach for applications such as femtosecond pulse shaping, data storage, or phase conjugation. In addition to the common two spatial dimensions of standard holograms, each point in the sample plane can be used here to store, in the frequency domain, information such as the temporal shape of a femtosecond pulse. On each point of the sample, spectral interferences between a reference pulse (spectrally large) and an object pulse (spectrally narrower than the reference pulse) of arbitrary shape can be recorded by spectral hole burning in the absorption band of dye molecules, provided that the absorption band is larger than the object pulse spectral width. The material can thus be viewed as an optically addressed programmable linear filter. The transmission of a reading pulse through this filter will then generate a shaped pulse in much the same way as in a three-pulse photon-echo experiment. Note that the emitted field is similar to an object pulse when the object pulse hits the sample after the reference pulse, but is the time-reversed object pulse when the order of the two writing pulses is reversed.
As early as 1983, photon-echo and time-reversal experiments by use of persistent spectral hole burning were performed in Porphyrazine Styrol solutions at 630 nm. 1 Then several developments, such as the reconstruction of the polarization state of object pulses, 2 time and space holography, 3, 4 temporal pattern recognition, 5 and image holograms with a single pair of femtosecond pulses 6 were demonstrated in different photosensitive media. However, until now only a few spectral holography experiments were performed in the frequency domain suited for Ti:sapphire lasers. 6, 7 And, to our knowledge, no one has demonstrated the control of the phase of femtosecond pulses shaped by use of spectral holography based on PSHB. Pulse shaping with modulation in the Fourier plane of a grating-based system is widely used and is efficient but differs markedly from the technique presented here, with which we make use of the broad absorption band of the sample. In grating-based systems the laser frequencies are spatially dispersed in the Fourier plane in which all kinds of spatial modulation device can be used. 8 In our case we directly modulate at the microscopic level the spectral response of the sample without spatial dispersion of the frequency components, which makes alignment easier. Here, we report on the measurement in both amplitude and phase of shaped femtosecond pulses centered at 800 nm and generated from PSHB materials in the photochemically accumulated regime. This coherent detection, similar to spectrally resolved phase-locked pump-probe experiments, 9 makes possible a clear demonstration of time reversal of the pulse electric field. Furthermore, we improved the spectral resolution of the measurement technique to record the decay of the echo signal up to a time delay of 100 ps between the two writing pulses.
We generate spectral holograms through persistent spectral hole burning by use of a phase-locked sequence 10 of two writing pulses separated by a time delay in a collinear geometry. The sample is a free-base naphtalocyanine embedded in polyvinyl butyral (H 2 NPc/PVB).
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The absorption peaks at 783 nm and is 20 nm broad (FWHM). Our laser source is a 15-fs, 100-MHz Ti:sapphire oscillator. The energy density per pulse used to write the holograms is approximately 2 J/cm 2 and the exposure time is 30 s. The 400-m-thick sample of dye concentration 10 Ϫ4 mol/l was cooled down to ϳ4.7 K in a Cryomech pulse tube cryostat, but we believe the laser significantly heats the sample. The intensity spectrum of the two-pulse sequence presents spectral fringes of period 1/ as shown in Fig. 1 and recorded with a spectrometer. The reading procedure makes use of the persistency of the engraving and can thus be performed in a separate subsequent measurement. One of the writing beams is blocked whereas the other is attenuated by more than 3 orders of magnitude and diffracts on the spectral structure formed by the writing pulses. The diffracted pulse is collinear with the incident pulse but delayed by . Then the spectral interference fringes between the incident and the diffracted pulses ( Fig. 1 ) are recorded by use of a standard spectrometer and a CCD detector. The transmission spectrum of the sample after exposure to the two writing pulses clearly exhibits spectral hole burning reflecting the incident spectral fringes, although restricted to the absorption region of the sample. An increase in absorption is actually observed at some frequencies at which the transmission is reduced after the writing procedure ( Fig. 1 thick solid curve) . The burning process is associated with proton rotation and the product molecule now absorbs at a different frequency. The product molecule has the same structure as the initial molecule so has its absorption frequency inside the inhomogeneous absorption band.
The relative absorption change is approximately 20%. The diffraction efficiency of the spectral grating is approximately 1% at the peak of the diffracted pulse (800 nm). The diffracted pulse is actually shifted from the absorption peak (783 nm) because of the propagation of the pulse through the absorbing sample. This measurement is actually a three-pulse photon-echo experiment for which the relaxation time T 1 is infinite, making possible the aforementioned two-step procedure.
The linear response of the material is actually modulated in the same way as in a three-pulse photon-echo experiment where the first two pulses delayed by produce a spectral modulation of the population of period 1/. The third pulse is then temporally diffracted from this spectral modulation producing an echo delayed by . In our case of collinear geometry, the third pulse and the echo can interfere on the detector where spectral interference fringes can be observed. Furthermore, the amplitude and phase of the photon echo can then be recovered by use of Fourier-transform spectral interferometry (FTSI). 12, 13 This technique is similar to the phase-locked pump-probe experiment that is used to measure the amplitude and phase of photon-echo signals. 9 The reading pulse also acts as a reference pulse in FTSI. The reference pulse used to measure the echo pulse is transmitted through the sample. Therefore, we do not take into account common changes of the echo that are due to its transmission through the sample. The measurement determines the phase difference between the reference and the diffracted pulses. Hence, since both pulses propagate through the sample, we do not measure the contribution to the complex transfer function of our programmable linear filter resulting from the phase acquired by the diffracted pulse during its propagation through the rest of the sample.
To demonstrate the potential of H 2 NPc/PVB for applications such as pulse shaping and time reversal, we introduce a chirp on one of the two writing pulses, hereafter called the object pulse. The chirp results from propagation of the laser pulse through a 1.7-cm-thick SF58 glass plate. The time delay of 2 ps introduced between the two pulses was chosen large enough to enable separation, 12 during the reading procedure of the incident reading pulse from the photon echo, i.e., the emitted pulse we want to analyze with FTSI. Figure 2(a) shows the spectral amplitude and phase of the emitted pulse, indicating a quadratic dependence of the spectral phase. Time reversal is easily achieved by changing the time ordering between the two writing pulses, that is, we varied the time delay from ϩ to Ϫ and sent the object pulse before One of the key advantages of pulse shaping with PSHB is the good spectral resolution, limited only by the homogeneous linewidth of the molecules. The total temporal range of the shaped pulse can be as long as the dephasing time of material T 2 . To measure T 2 for H 2 NPc/PVB in our experimental conditions, we improved the spectral resolution of the reading procedure described above so as to follow the echo signal even for large values of time delay . Indeed, when you increase the time delay between the two writing pulses the spectral fringes become too narrow to be directly resolved with a standard spectrometer. The improvement consists of the use of two reading pulses instead of one, generated identically to the writing procedure, and by the delay of one pulse by 1 ps relative to the writing procedure as shown in the inset of Fig. 3 . The first reading pulse is temporally diffracted from this spectral hologram to produce an echo at time . The second reading pulse, now acting as a reference pulse, is separated by 1 ps from the echo of the first pulse and can therefore form with the echo spectral interference fringes that can easily be measured with a standard spectrometer. In this case FTSI is used to measure the amplitude and phase of photon-echo signals even for large time delays contrary to the geometry proposed in Ref. 9 , where the reference pulse directly interferes with the echo appearing at time after the reference pulse. Our technique allows us to extract the echo signal despite the collinear geometry, which precludes a direct spatial separation. This extraction of the echo signal in this time domain is useful as the collinear geometry makes stabilization techniques of the optical pathways during the writing process more convenient. Although future applications will require the use of noncollinear geometries (it will then be necessary to develop stabilization techniques for noncollinear beams 12 ), our experiment is still adequate for exploration of the capabilities of these new free-base naphthalocyanine-doped films.
Using our reading procedure, we extracted the amplitude of the echo as a function of delay between the pump pulses as plotted on Fig. 3 (solid curve). Our best fit gives a dephasing time of approximately 29 ps.
14 This relatively short value is explained by the relatively high temperature of the sample compared with previous research. [1] [2] [3] [4] [5] [6] [7] In the experiment presented here we believe that we are limited by the laser heating of the sample. Note that in this type of material the dephasing time is of the order of a few hundred picoseconds at temperatures inferior to 4 K.
In summary, we have demonstrated femtosecond pulse shaping in a PSHB material at 800 nm. The material acts as a programmable linear filter that has been optically addressed in the time domain in the experiment reported here for a chirped pulse. Although this approach limits the generated pulse to a replica of the object pulse or to its time-reversed counterpart, our results pave the way for more elaborate writing techniques, e.g., use of tunable cw source that would allow the generation of arbitrarily shaped femtosecond pulses. We have also implemented a high-resolution photon-echo technique that provided a dephasing time of 29 ps. This pulseshaping approach should have much greater spectral resolution than other techniques based on either zerodispersion lines or acousto-optic programmable filters. Two goals remain to be achieved: an increase of the temperature at which the samples must be maintained (2-4 K) to preserve the small homogeneous linewidth required for storing a high-resolution hologram and an increase of the inhomogeneous absorption band that would be a prerequisite for shaping pulses as short as 10 fs.
